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Generalized rate equations governing the light-induced degradation and the 
thermal recovery of a-Si:H films 
c. S. Hong and H.l. Hwang 
Department of Electrical Engineering, National Tsing Hua University, Hsin-chu, Taiwan, 
Republic of China 
(Received 13 January 1987; accepted for publication 21 April 1987) 
This paper examines the rate equations governing light-induced degradation and thermal 
recovery of undoped a-Si:H films. For early degradation the recombination came primarily 
from band-to-band transitions and the degradation rate (dN Idt) is proportional to the inverse 
of the square of the spin density (lIN 2 ). When electron paramagnetic resonance active 
dangling bonds is greater than 1018 cm -3, the recombination through defects becomes more 
significant, and the degradation rate has a form of A (lIN 2 ) - B( liN) + C - DN. 
Furthermore, the temperature dependence on the changes of the photoconductivity decay and 
recovery indicates that both degradation and recovery are thermally activated processes, and 
an activation energy of -0.2 and -1.4 eV was derived for either process. 
I. INTRODUCTION 
Since the first observation 1 in reversible light-induced 
degradation of a-Si:H films by Staebler and Wronski, a num-
ber of studies2-4 concluded that the energy released from 
electron-hole-pair recombination after illumination can 
break the preexisting weak bonds and form the so-called 
dangling bonds, which then further increases the recombina-
tion rate of electron-hole pairs and causes the reduction of 
photoconductivity. 
The rate equations for a degradation process based only 
on band-to-band recombination were reported by Stutz-
mann et al.5 and Eser. 6 In Stutzmann's work they investigat-
ed the kinetics of degradation and recovery by photoconduc-
tivity and electron spin resonance (ESR) measurements. 
During degradation, defect density was found to have a 
t 1/312/3 dependence with a single activation energy, in which 
t denotes the illumination time, and I denotes the illumina-
tion intensity. On the other hand, thermal recovery was de-
rived to be a first-order reaction with a broad distribution of 
activation energy between 0.9 and 1.3 eV. In the Eser's work 
rate equation was derived by using the principle of reaction 
rate theory. Both degradation and recovery from photocon-
ductivity were found to be thermally activated with an acti-
vation energy of 0.1 and 1.35 eV, respectively. 
Recently, we showed direct evidence for the light-in-
duced bond breaking and its repair mainly from Fourier 
transform infrared (FT-IR) spectroscopy.7 By correlating 
FT-IR, electron paramagnetic resonance (EPR), and pho-
toconductivity results, we further reported that8 the light-
induced bond breaking affects its local environment. It 
causes structural changes in the vicinity of weak bonds. The 
structure will be corrupted when spin density is greater than 
- 10 18 cm - 3 . After we presented the correlation between the 
reversible structural changes and electronic characteristics 
of a-Si:H films, it is necessary to have detailed understanding 
of the generalized rate equations governing degradation and 
thermal recovery processes. What had been reported pre-
viously5.6 is related to "early" degradation, which has a spin 
density less than _1018 cm- 3 , and the illumination time for 
degradation was generally less than 100 h. 
In this work we derive the rate equation for a degrada-
tion process, taking into consideration both band-to-band 
and band-to-defect recombinations. The results will be con-
firmed by those obtained from photoconductivity and EPR 
measurements. The rate equation for recovery is also derived 
in this work. Furthermore, the dependence of defect genera-
tion rate on illumination time, intensity, temperature and 
annealing time, and temperature is particularly examined. 
An explanation based on structural relaxation associated 
with bond breaking is proposed in this work. It gives an 
illustration for the dynamical process of light-induced deg-
radation and thermal recovery. 
II. EXPERIMENT 
Undoped a-Si:H films were deposited by rf glow dis-
charge of silane-hydrogen mixture. Corning glass 7059 was 
used as a substrate for conductivity measurements. For EPR 
measurements, films are deposited on unpolished high-resis-
tivity (1.5-kO cm) silicon wafers. The film thickness for this 
work was kept invariably at 1.8 11m. Typical deposition was 
carried out at a substrate temperature of 250 ·C, pressure of 
100 Pa, and rf power of 30 W. 
To avoid errors introduced by moving the sample, illu-
mination and photoconductivity measurements were per-
formed without sample removing. The contacts to the film 
for photoconductivity measurements were coplanar silver 
stripes spaced 1 mm apart. A 100-V dc voltage was applied 
between the electrodes, and the current was measured with a 
HP 4140B picoamper meter. 
This spin densities were determined from Bruker 200 
DSRC EPR measurements at room temperature in which a 
microwave frequency counter (model 371) and a nuclear 
magnetic resonance (NMR) gaussmeter was equipped. The 
g value was determined from the measured microwave fre-
quency and magnetic field strength. 
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III. RATE EQUATIONS FOR DEGRADATION AND 
THERMAL RECOVERY 
It is generally known9 that the recombination rate from 
band-to-band transitions and through defect recombination 
are expressed as Eqs. (1) and (2), respectively: 
Rb = Clnp , ( 1) 
Rd = «pn - n~)/{p + n + 2n; 
xcosh[(E, -E;)IKT]})(uOVthN) , (2) 
w'here nand p are the free-carrier concentrations, U o is the 
cross section, V th is the thermal velocity, E, is the defect 
energy level, and N is the defect density. Since the created 
defects are almost entirely associated with dangling bond 
centers, which are generally accepted as lying in the mid-
gap, 10.11 i.e., E, =E; andp = n~n; for undoped a-Si:H films 
under prolonged illumination. The rate equation for degra-
dation can then be written as 
= Kd (ClnpN 00 - ClnpN + C2nNN 00 - C2nN2) , 
(3) 
where N 00 is the upper limit for the light-induced defect 
density, (N 00 - N) is the remaining weak bonds, Kd is the 
rate constant, which has the form of Kd = kd exp( - Eal 
K t), and Ea is the thermal activation energy for the degrada-
tion process. The free-carrier concentration can be expressed 
in terms of the dangling bond density N as n = p = C3I IN, 
where I is the illumination intensity. This relationship is val-
id when conduction by hopping is negligible.s Since our ex-
perimental conditions are within these limits, Eq. (3) can be 
rewritten as 
dN 
-=kd[exp( -EaIKT)] 
dt 
X [C4 (12IN 2) - Cs(12IN) + CJ - C7IN] , 
(4) 
where the first and second terms on the right-hand side in 
Eq. (4) come from band-to-band transition, and the third 
and fourth terms are derived from defect recombination. 
The rate equation can also be expressed in terms of normal-
ized photoconductivity (uplupO) by using the relationships 
N = CsI'lup' where I' is the light intensity when photocon-
ductivity is measured: 
d(up lup) k [ ( E IKT)] 
" = d exp - a 
dt 
x [C9o:,,, (1211'2) CUpIUp,,)2 
- ClOo;" (uplup" )(1 211') 
+ Cllup'/ - C I2I'I(upJup )] . (5) 
When the degradation process is in its early stage, N 00 is 
assumed to be much larger than N, and the dangling bonds 
are generated by the recombination of photogenerated carri-
ers that directly come from band-to-band transitions5 ; the 
second, third, and fourth terms on the right-hand side in Eq. 
(4) can be neglected. The rate equation for early degrada-
tion can then be expressed as 
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(6) 
In order to obtain the thermal activation energy Ea for 
the degradation process, Eq. (6) can be integrated as 
N 3 - N6 = 3kd [exp( - EaIKT) ](C4I2t) , (7) 
(UpJUp )3 - 1 = 3k [exp( - EaIKT)] [(12/I'3)o:,ot] . 
(8) 
If I, 1', and t are fixed, Eq. (8) is reduced to 
In[ (UpJUp )3 - 1] = In C - (Ealk)( liT) . (9) 
For a reaction taking place in a thermal annealing pro-
cess, the rate of change of bond reforming should be propor-
tional to the density of the recoverable dangling bonds 
(N - No) and is given by 
dN = _ k, [exp( - EtIKT)][ (N - No)m] , (10) 
dt 
where No is the initial defect density before degradation, and 
m is the reaction order of thermal annealing process. Similar 
to the degradation case, the dependence on annealing tem-
perature and time of the normalized photoconductivity can 
be obtained as follows: 
(upouplupo - up)m - I = C' [exp( - EJKT)]t 
+ (u'u lu - u')m-I (11) Po Po ' 
where u' is the photoconductivity at T = 0, i.e., the photo-
conductivity after degradation and before annealing. 
IV. RESULTS AND DISCUSSION 
Figure 1 shows the degradation rate as a function of the 
inverse of the spin density in which Fig. 1 can be character-
ized by the following rate equationS: 
dN = 5.49 X lOIS _ 5.63X 1015 X [(liN) X lOIS] 
dt 
+2.06X1015 X[(lIN)X1018f. (12) 
It is noted that at low spin density the third term on the right-
hand side in Eq. (12) is much larger than the other terms. 
However, at high spin density (;;;.lO IS cm-3) the signifi-
cance of the first and second terms increases. This result is in 
3 
~ 2 
o 
o 
1 AM 1 
- dN/dt; 5.49<1015 - 5.63< 
1015 <C.!... <1018 )+2.06 
< 1015< ( N.L < 1018)2 
N 
6 
FIG. I. Degradation rate dN Idt as a function of the inverse of spin density 
liN. 
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FIG. 2. Degradation rate d(a~/ap)ldt as a function of the normalized 
photoconductivity a I a ~. The solid, dashed, and dot-dashed curves de-
note the simulat~d curves y = 1.026S 2 - 0.3297S, Y = 1.026S 2 
- 0.3297S + 0.0389, and y = 1.026S 2 - 0.3297S + 0.0389 
- 4X 10-4 (1 IS) , respectively. The open triangles represent the experi-
mental data. 
good agreement with that obtained from Eq. (4). In Eq. (4) 
the fourth term on the right-hand side is generally smaller 
than the other terms. It is noted that the third and fourth 
terms on the right-hand side of Eq. (3) are derived from 
defect recombination, and N 00 is always larger than N. 
Figure 2 shows the simulated curves and the experimen-
tal data of the degradation rate [y = d(upJup )!dt] as a 
function of the normalized photoconductivity (S = up! 
upo ). The simulated curves can be depicted as 
y = 1.026S 2 - 0.3297S, y = 1.026S 2 - 0.3297S + 0.0389, 
and y = 1.026S 2 - 0.3297S + 0.0389 - 4 X lO-4( liS), in 
which the smaller S range represents the longer illumination 
time. The curvey = 1.026S 2 - 0.3297S is the one that devi-
ates more from the experimental data in the smaller S range. 
It is indicated that recombination through defect is more 
significant at small S range. The curves 
y = 1.026S 2 - 0.3297S + 0.0389 and y = 1.026S 2 
- 0.3297S + 0.0389 - 4x lO-4( liS) are found to be bet-
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FIG. 3. Degradation of normalized photoconductivity under 2AM I illumi-
nated at 20, 150, 225, and 300 K as a function of illumination time t. 
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illumination temperature I/T. 
ter matched with the experimental data at the smaller S 
range because of the incorporation of recombination 
through defects. Furthermore, the curve 
y = 1.026S 2 - 0.3297S + 0.0389 is shown to be slightly de-
viated from the experimental data at very small S range. It is 
due to the fact that when N is close to N", at the very small S 
range, the fourth term on right-hand side of Eq. (4) cannot 
be omitted. 
Figure 3 shows the change of the normalized photocon-
ductivity as a function of illumination time at 20, 150, 225, 
and 300 K under an illumination of2AMl (200 mw/cm2 ). 
It was found that the degradation is much slower at 20 K 
than those at 150,225, and 300 K. The temperature depen-
dence of degradation as shown in Fig. 3 clearly indicates that 
light-induced degradation is associated with thermally acti-
vated processes and that Eq. (9) can be used to obtain the 
activation energy for the degradation process. Figure 4 
shows the variation ofln [ (upo ! up ) 3 - 1] with the inverse of 
the illumination temperatures (liT). The straight lines de-
rived from Fig. 4 can be expressed in a form as indicated in 
Eq. (9), and the activation energy thus calculated is -0.2 
eV. 
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FIG. 5. Recovery of normalized photoconductivity after thermal annealing 
temperature at 423, 473, and 493K as a function of annealing time t. 
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Figure 5 shows the annealing behavior of our samples 
after degradation. The annealing process was performed at 
423,473, and 493 K, respectively. In order to determine the 
order of the reaction m and the activation energy Et of the 
annealing process, the data depicted in Fig. 5 can be plotted 
in the form of (Upo up Iupo - up)m - I versus annealing time 
and In[(upouplupo _up)m-I - (u'upo/upo --':u,)m-I] 
versus the inverse of temperature, as shown, respectively, in 
Figs. 6 and 7. A reaction order of one (since the data in Fig. 6 
form straight lines when m = 1.2, and the reaction order 
should be an integer) and an activation energy of - 1.4 e V 
for the annealing process can then be deduced for Figs. 6 and 
7. 
Figures 8 and 9 show the variations of (UpJUp )3 - 1 
for early degradation as a function of the illumination time 
and the square of illumination intensity, respectively. The 
results confirm those reported by other investigators5,6 and 
our previous derivation of the rate equations for early degra-
dation, which has a linear dependence of 1 2/3 and t 113. 
From our previous studies 7,8 light-induced defects are 
associated with the weak Si-Si bond breaking, and the break-
ing of the weak Si-Si bonds is responsible for the changes of 
the strength of the Si-H vibrational modes due to the in-
duced perturbation of the electronic charge distribution in 
Si-H bonds. In this work a very low activation energy of 
-0.2 eV was identified for the structural relaxation that is 
the cause for the structural change. After thermal annealing 
the broken bonds will be reformed, and the electronic charge 
'--" 
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Et (5mins) =1.579.V 
Et (10 mins)= 1.378.V 
Et (15 mins) = 1.416.V 
t = 5mins 
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1000/T 
FIG. 7:Variationofln[(upupalupa _Up )]1.2-t - (u'upaupa _u')1.2-1 
vs the inverse of annealing temperature (l/n. 
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FIG. 8. Variation of (UpaIUp )3 -1 as a function of illumination time t. 
distribution will be rearranged. Therefore, the structural 
configuration can be restored to its original state. This pro-
posed explanation is consistent with our experimental obser-
vations and can illustrate the dynamical process of light-
induced bond breaking and thermal recovery in a-Si:H film. 
V. SUMMARY AND CONCLUSIONS 
In our previous work we concluded that the origin of 
recombination can be divided into two categories, namely, 
the additional dangling bonds could be generated by a band-
to-band transition and through defect recombination. The 
rate equation shows that when an EPR active dangling bond 
is less than _1018 cm -3, the dominance of the recombina-
tion rate comes primarily from the band-to-band transition. 
When EPR active dangling bonds is greater than _ 1018 
cm- 3, the recombination through defects become more sig-
nificant. 
The generalized rate equation governing the light-in-
duced degradation and the thermal recovery of a-Si:H films 
can be summarized as follows: 
( 1) The degradation rate dN I dt as a function of the spin 
density N can be characterized by the following equation: 
dN = kd (ClnpN 00 - C2npN + C2nNN 00 - C2nN2) dt 
=kd [(AIN 2 ) - (BIN) +C-DNJ, (13) 
where the first and second terms on the right-hand side in 
Eq. (13) came from a band-to-band transition, and the third 
3000 
t =50mlns 
2500 
2000 t =40mins 
, 
H')~ t = 30mins 
.g 1500 
" 0 1000 t=20mins 00. 
.'-' 
500 
t=lomins 
0 
0 10 20 30 40 
2 [2 (XI04 m):!?'cm4 ) 
FIG. 9. Variation of (UpaIUp )3 - 1 as a function of the square of the illumi-
nation intensity 12. 
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and fourth terms are derived from defect recombination. At 
the early stage of degradation the degradation rate is propor-
tional to the inverse of the square of the spin density mainly 
because of the fact that the recombination mainly comes 
from a band-to-band transition and that N 00 is much large 
than N at early degradation. 
(2) The dependence of the created defect density Non 
the illumination time t, intensity I, and temperature T is 
governed by the following differential equation: 
dN 
- = kd [exp( - EaIKT) 1 
dt 
where Ea is the thermal activation energy. At the early stage 
of degradation the created effect density was found to have a 
t 1/312/3 dependence with an activation energy of -0.2 eV. 
(3) For thermal annealing processes the rate of change 
of bond reforming can be characterized by the following rate 
equation: 
dN 
dt 
- k, [exp( - E,IKT)](N - No)m , 
where No is the initial defect density before degradation. A 
1993 J. Appl. Phys., Vol. 62, No.5, 1 September 1987 
reaction order of one and activation energy of -1.4 eV are 
derived from the above rate equation. 
Since light-induced degradation in a-Si:H films is the 
result of the breaking of weak Si-Si bonds through the re-
combination of photogenerated electron-hole pairs, the 
light-induced bond breaking might affect its local environ-
ment because of the perturbation of the electronic charge 
distribution in the vicinity of weak bonds. It causes structure 
relaxation with a very low activation energy of -0.2 eV. We 
note that the structural relaxation is responsible for perma-
nent degradation. By thermal annealing the vibration energy 
can repair the broken bonds with an activation energy of 
-1.4 eV. 
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